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We report on the electron loss from multiply protonated lysozyme ions Lys-Hn
n1 (n 5 7 2 17)
and the concomitant formation of Lys-Hn
(n11)1z in high-energy collisions with molecular
oxygen (laboratory kinetic energy 5 50 3 n keV). The cross section for electron loss increases
with the charge state of the precursor from n 5 7 to n 5 11 and then remains constant when
n increases further. The absolute size of the cross section ranges from 100 to 200 Å2. The
electron loss is modeled as an electron transfer process between lysozyme cations and
molecular oxygen. (J Am Soc Mass Spectrom 2001, 12, 889–893) © 2001 American Society
for Mass Spectrometry
The gas phase properties of protein and peptidepolycations have been extensively studied in re-cent years, and it is established that conforma-
tion, proton transfer kinetics, fragmentation efficiency,
and fragmentation pathways of such ions are closely
linked to their charge state [1–5]. As an example, a high
charge can induce an unfolding and thereby increase
the distances between the charges and lowering the
intramolecular Coulomb repulsion; this finding has
been demonstrated for several proteins, such as cyto-
chrome c and lysozyme [4–10].
There are several ways of decreasing the charge state
of gaseous protein cations, e.g., abstraction of protons
by neutral bases [11], proton transfer to anions [12],
non-dissociative electron capture [13], and proton trans-
fer to ions generated by a 210Po a particle source [14].
However, increasing the charge state of gaseous protein
cations is a much more difficult task. Budnik and
Zubarev [15] have reported that further ionization by
electron loss from protonated peptides or proteins
occurs when they are irradiated by electrons of energies
larger than 10 eV in the cell of a Fourier transform ion
cyclotron resonance (FT-ICR) instrument. In this paper,
we describe a different ionization mechanism in high-
energy collisions of multiply protonated lysozyme ions
(50 kV acceleration potential) with molecular oxygen.
The acceleration voltage is a factor of five to ten larger
than that of commercial sector instruments. Indeed,
under these high-energy conditions, highly charged
lysozyme radical cations are formed efficiently as stable
species on the time-scale of the experiment (a few
microseconds). In addition, we have found that smaller
protonated peptides and amino acid radical cations are
also formed in high-energy collisions with O2 [16],
demonstrating the general applicability of this method
for electron stripping of ionic biomolecules. Previously,
Wu and Fenselau [17] studied collisional ionization of
neutral peptides using O2 as a target; however, in
contrast to our experiments, they observed extensive
fragmentation of the ionized peptides, and the intact
molecular ion was not obtained in most cases.
Experimental
High-Energy Collision Experiments
The setup has been described in detail elsewhere [10, 18,
19]. Briefly, multiply charged lysozyme ions, formed by
electrospray ionization (ESI), were accelerated to a kinetic
energy of n 3 50 keV where n is the charge state of the
ion. Precursor ions were mass selected with a magnet and
passed through a 3-cm-long gas cell. The product ions
were analyzed with a hemispherical electrostatic ana-
lyzer. A capacitance pressure gauge (Balzers and Fu¨rsten-
tum, Balzers, Liechtenstein) measured the absolute pres-
sure in the collision region. The acquired spectra are
called mass-analyzed ion kinetic energy (MIKE) spectra.
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To determine an electron loss cross section, MIKE spectra
were recorded at various target pressures, and the fraction
of precursor ions that has lost an electron in collisions with
O2 as a function of pressure was fitted by a second order
polynomial (low target pressures). From such a fit, the
cross section was found and the experimental uncertainty
estimated (see e.g., reference [20]).
Hen egg-white lysozyme (disulfide-bond intact ly-
sozyme, MW 5 14305.1 Da) was obtained from Sigma-
Aldrich and used without further purification. Disul-
fide-bond reduced lysozyme (MW 5 15154.3 Da) was
prepared by reduction of the disulfide bonds with
dithiothreitol (DTT) in 6 M guanidinium chloride and
subsequent alkylation with 4-vinylpyridine. The re-
duced and alkylated lysozyme was purified by re-
versed-phase high-performance liquid chromatography
(HPLC). For electrospraying, the proteins were dis-
solved in 1:1 CH3OH/H2O (vol/vol) with 1.0% acetic
acid (vol/vol) to a concentration of 10 mM.
Low-Energy Collision Experiments
Experiments were performed on a Finnigan TSQ 700 triple
quadrupole instrument equipped with a nano ESI source.
Lys-H9
91 ions were mass selected with a quadrupole and
activated in a collision cell (octopole 5 Q2, collision gas
pressure: 1.5 mTorr O2; measured with a capacitance
pressure gauge). The ionic products were analyzed with
the last quadrupole. The collision energy in the laboratory
system is estimated to be ;1.3 keV from the potential
difference between the source octopole (21.5 V) and Q2
(2150 V) and the 19 charge state of the ion.
Results and Discussion
Product Ion (MS/MS) Spectra
MIKE spectra from Lys-H9
91 (native form) fragmentation
in H2 and O2 gases are shown in Figure 1. A peak
corresponding to the radical cation Lys-H9
101z formed by
electron loss is observed with O2 but not with H2. The
assignment of this peak to a 101 lysozyme ion is based on
the peak being narrower than the 91 lysozyme precursor
peak and that the measured ESA voltage is in perfect
agreement with the calculated ESA voltage (cf. inset on
Figure 1). Likewise, electron stripping was observed for
smaller protonated peptides and protonated amino acids
[16]. The tailing of the peak towards lower m/z values
corresponds to 101 fragment ions. At higher m/z than the
m/z of the precursor ion, a broad and unresolved peak is
observed with O2 that becomes three sharp peaks with H2.
We tentatively interpret this region of the spectrum to be
due to 81 fragments (such as Z124, Y125, and Y128), and
attribute the broadening of the peaks to the 16 times
higher center-of-mass kinetic energy for O2 collisions than
for H2 collisions.
Electron loss from cations was reported in early
ESI-MS/MS experiments carried out at low collision
energies (5.8 eV in the center-of-mass frame) in triple
quadrupole mass spectrometers [21]. However, the
product ions that initially were thought to originate
from electron loss from monomeric protein ions were
later shown to be due to fragmentation of interfering
protein dimers with twice the charge of the monomers
[22]. Protein dimers are avoided under harsh source
conditions, that is, a high tube lens potential will cause
dissociation of the dimers in the skimmer region. The
dissociation of the dimer into two monomers is caused
by collisional heating and does not depend on the
collision gas. In our experiments, no indication of the
presence of such dimers was found since we did not
observe dimers of odd charge states, (Lys)2-H2n11
2n11, with
m/z values in between Lys-Hn
n1 and Lys-Hn11
n11 when
taking a m/z scan (scanning the magnet with fixed
electrostatic analyzer [ESA] voltage). Finally, we carried
out the O2 collision experiment in a triple quadrupole
instrument to make sure that a prerequisite for the
electron loss peak is a high collision energy. Indeed,
electron loss does not occur at low collision energies (1.3
keV in the laboratory frame and 3.0 eV in the center-of-
mass frame) (Figure 2). Our instruments do not allow us
to determine the collision energy threshold for the
occurrence of electron stripping because of improper
ion beam focusing at lower acceleration voltages.
The ratio between the peak areas of Lys-H9
101z and
Lys-H9
91 (precursor ion) was determined for different
target gases: O2, CO, SF6, CH4, H2, N2, and Xe, and
tabulated together with the center-of-mass collision
energy, E(CM), and electron affinity, EA, of the collision
gas (Table 1). The ratio is normalized to unity for O2,
and the other ratios are scaled relative to O2. There is no
clear correlation between the Lys-H9
101z/Lys-H9
91 ratio
and E(CM) or EA. It is noteworthy that O2 is the gas that
results in the largest ratio even though its EA (0.45 eV)
is smaller than that of CO (1.37 eV) and SF6 (1.07 eV),
and E(CM) (1.00 keV) is similar to that of CO (0.88 keV)
and N2 (0.88 keV). Molecular oxygen is known to be the
Figure 1. MIKE spectra of Lys-H9
91 obtained after collisions with
H2 and O2. Pressure: 0.10 mTorr. ESA: electrostatic analyzer
voltage. The broken lines on the smaller insets denote the calcu-
lated ESA values of Lys-H9
101z (4.67 kV), Lys-H9
91 (5.19 kV), and
Lys-H9
81 (5.84 kV).
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most efficient collision gas for reionization of neutrals in
neutralization–reionization mass spectrometry experi-
ments, and it is likely that O2
2 is formed in the collision
[23]. McLafferty and co-workers [23] found that in
ionization of CH3COCH3 and CH3Cl, O2 is more effi-
cient than NO, NO2, Cl2, N2, CH4, SF6, He, and Xe;
further, the molecular radicals NO and NO2 (both
doublet states) are slightly more efficient than the other
target gases which have singlet ground states. Maybe
the reason for the high stripping efficiency of O2 com-
pared to other gases should be searched in the high-
spin state of O2 (triplet ground state).
Electron loss was observed for all measured charge
states of native lysozyme (n 5 7 2 11) and reduced and
alkylated lysozyme (n 5 7 2 17) with O2 as collision
gas. The life-time of the protein radical cation is larger
than: ;15 ms for Lys-H7
81z and ;3 ms for Lys-H17
181z
based on the time of flight from the collision region to
the detector. According to the Rice-Ramsperger-Kassel-
Marcus (RRKM) theory, the time scale for dissociation
depends on the size of the molecule. Lysozyme ions are
large, and the little fragmentation may then be ex-
plained by a large kinetic shift. However, in similar
experiments we observed intact protonated amino acid
radical dications such as TyrH21z and even the weakly
bound TyrH21z(H2O) complex [16]. In the study by
Wu and Fenselau [17], the neutral peptides were gen-
erated from collision-induced dissociation (CID) of pro-
ton-bound dimers. In this process vibrational excited
neutral peptides could be formed which fragment
readily after the subsequent collisional ionization. In
contrast, ions produced by electrospray ionization are
likely to have less internal energy thereby explaining
the observed difference in fragmentation.
Curve Crossing Model
We assume that O2
2 is formed in collisions between the
protein cation and O2 as
Lys-H9
91 1 O23 Lys-H9
101z 1 O2
2 (1)
The electron transfer process can be considered in terms
of two adiabatic potential-energy curves that undergo a
pseudo-crossing at a fixed internuclear separation, as
shown in Figure 3. Such a Landau-Zener type model for
endoergic ion/neutral reactions was first used by Grif-
fiths et al. [24] to describe two-electron transfer from
Figure 2. Spectrum obtained from low-energy collision-induced
dissociation of Lys-H9
91 (1.5 mTorr O2, multiple collision condi-
tions). Note the absence of a peak at m/z 1431.4 corresponding to
Lys-H9
101z.
Table 1. Effect of target gas on electron loss efficiency (Lys-H9
101z/Lys-H9
91 ratio)
Targeta O2 CO SF6 CH4 H2 N2 Xe
Lys-H9
101z/Lys-H9
91 ratiob 1 0.5 0.3 ,0.1 ,0.1 ,0.1 ,0.1
E(CM)c [keV] 1.00 0.88 4.55 0.50 0.03 0.88 4.09
EAd [eV] 0.45 1.37 1.07
aTarget gas pressure: 0.20 mTorr.
bThe ratio is scaled with a factor such that it is 1 for O2.
cThe center-of-mass collision energy is calculated from 9 3 50 keV 3 m(target)/(m(target) 1 m(Lys-H991)), where m is the mass.
dElectron affinities are taken from reference [27].
Figure 3. Potential energy curves for the molecular pairs: (Lys-
H9





function of intermolecular distance. See text for details.
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different gases X to OH1 resulting in OH2 and X21 and
later by Boltalina et al. [25] to describe electron transfer
from Xe to C60F35
2 resulting in C60F35
22 and Xe1. We will
discuss the potential energy curves in detail in the
following together with those for the opposite electron
transfer reaction,
Lys-H9
91 1 O23 [Lys-H9




91 1 O2. The most important
contribution to the potential energy arises from the ion
induced-dipole interaction,
Ventrance 5 2
14.4 a q2 [eV Å]
2 R4
, (2)
where R is the separation (in Å) between the ion and O2,
q is the charge state of the ion (19), and a is the
polarizability of O2 (1.60 Å
3 [26]). However, when R is
large, Ventrance is very small.
Exit channels: Lys-H9
101z 1 O2
2 (channel 1) and
LysH9
81* 1 O2
1 (channel 2). There are two possible exit
channels: electron transfer from Lys-H9
91 to O2 (channel
1) and electron transfer from O2 to Lys-H9
91 (channel 2).
These can be described in terms of Coulombic poten-
tials; the former channel has an attractive potential
whereas the latter is repulsive.
The potential energy curve for the attractive exit
channel 1 (Lys-H9
101z 1 O2
2) is calculated from:
Vexit_l 5 IE(Lys-H9
91) 2 EA(O2) 2







91) is the ionization energy of Lys-H9
91,
EA(O2) is the electron affinity of O2 (0.45 eV [27]), q is
19, R is the intermolecular distance (in Å), and r(Lys) is
the radius of lysozyme (in Å) using a spherical approx-
imation. An estimate of the radius of native lysozyme is
20 Å based on crystallographic data [28]. We assume
that the charges in Lys-H9
91 are distributed uniformly
over the ion surface. However, O2
2 attracts positive
charge to the surface of the Lys-H9
101z molecule, and we
have modeled the image charge by assuming a positive
charge to be positioned at the surface closest to the
outgoing O2
2. The ionization energy of Lys-H9
91 is
unknown, and we need a reasonable estimate. Budnik
and Zubarev [15] have carried out several electron
irradiation (EI) experiments on peptides and proteins
and determined ionization energies between ca. 10 and
15 eV; they found that singly protonated peptides
which have m/z ratios close to that of disulfide-bond
intact Lys-H9
91 (m/z 1590) have ionization energies of
approximately 11 eV. Hence, we take the ionization
energy of Lys-H9
91 to be 11 eV.
The potential energy of exit channel 2 (Lys-H9
81* 1
O2
1) is calculated from:
Vexit_2 5 IE(O2) 1
8 z 14.4 [eV Å]
R
, (4)
where the charge distribution in Lys-H9
81* (excess elec-
tron in a Rydberg state) is assumed spherical. The
ionization energy of O2 is 12.07 eV [27].
It is evident from Figure 3 that only exit channel 1
crosses with the entrance channel (at an intermolecular
distance of 23 Å), and this channel is probably the only
charge transfer channel open in such collisions. Also,
from this model it appears that the low-energy collision
experiment does not provide enough energy for exit
channel 1 since E(CM) 5 3.0 eV , IE(Lys-H9
91) 2
EA(O2) 5 10.6 eV. In the high-energy collision experi-
ment, hydrogen-deficient Lys-H9
101z radical ions were
observed, and there was no clear indication of the
formation of Lys-H9
81 (cf. Figure 1); if formed, however,
it may fragment almost instantaneously, thereby liber-
ating 4–6 eV (the adiabatic process is lower by this
energy) [29–31]. We cannot exclude from the experi-
mental data that some of the detected 81 ions arise
from exit channel 2 though this process is unlikely
based on the theoretical model. Interestingly, ion-elec-
tron interaction experiments (70 eV EI of 161 cyto-
chrome) revealed a larger abundance of reduced pro-
tein ions (Rydberg state ions) than ionized protein ions
because of interactions with secondary electrons of low
kinetic energy formed in the FT-ICR cell after EI [15].
For impact parameters below 23 Å either electron
loss or dissociation will occur. From this distance a total
destruction cross section of p 3 (23 Å)2 5 1661 Å2 is
obtained, in reasonable agreement with the experimen-
tal measurement of approximately 1550 Å2 (data not
shown). The total destruction cross section includes the
electron loss cross section and the dissociation cross
section. If electron loss occurs for the larger impact
parameters, the measured electron loss cross section of
100 Å2 would correspond to impact parameters in a
circular ring with a width of approximately 1 Å (Figure
4). To our knowledge, the only electron loss cross
section of biomolecules previously reported in the lit-
Figure 4. In the inner region dissociation occurs and in the outer
electron loss.
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erature is that of vasopressin-H1 [15]. At 20 eV electron
energy the cross section for this ion is only 13 Å2, but
the molecule (MW 1084) is much smaller than lysozyme.
Charge State Dependence
In Figure 5 the cross section for electron loss from the
precursor is plotted as a function of the charge state, n.
Both disulfide-bond-intact (native form) and disulfide-
bond-reduced lysozyme cations were used as projec-
tiles. The cross section for electron loss increases with
the charge state of the precursor from n 5 7 to n 5 11.
From n 5 11 to n 5 17, the measured cross section is
constant. Based on measurements of the geometric cross
section in collisions with Xe, it is established that the
size of the protein increases with its charge state [10],
but our model is too simple to explain a possible
connection between the rise of the two cross sections
(collision cross section and electron transfer cross sec-
tion). Electron transfer in energetic collisions between
atomic or molecular systems is in general a delicate
process. The probability that an electron ends up in an
eigenstate on the counterpart in the collision has to be
calculated in a full quantum mechanical way, and
simple geometrical arguments become insufficient. Fur-
thermore, since in eq 3 the ionization energy increases
with the charge state while the Coulombic interaction
energy decreases, it is not clear how the crossing
distance depends on the charge state.
Conclusion
In conclusion, we have demonstrated that a large frac-
tion of highly charged lysozyme ions (multiply proton-
ated even-electron species) are further ionized to higher
charge states (radical cations) in high-energy collisions
with molecular oxygen.
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